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Future neutrino detectors will obtain high-statistics data from a nearby core-collapse supernova.
We study the mixing with eV-mass sterile neutrinos in a supernova environment and its effects on the
active neutrino fluxes as detected by Hyper-Kamiokande and IceCube. Using a Markov Chain Monte
Carlo analysis, we make projections for how accurately these experiments will measure the active-
sterile mixing angle θs given that there are substantial uncertainties on the expected luminosity and
spectrum of active neutrinos from a galactic supernova burst. We find that Hyper-Kamiokande can
reconstruct the sterile neutrino mixing and mass in many different situations, provided the neutrino
luminosity of the supernova is known precisely. Crucially, we identify a degeneracy between the
mixing angle and the overall neutrino luminosity of the supernova. This means that it will only be
possible to determine the luminosity if the presence of sterile neutrinos with θs & 0.1◦ can be ruled
out independently. We discuss ways in which this degeneracy may be broken in the future.
I. INTRODUCTION
When a star with a mass greater than approximately
eight solar masses reaches the end of its life, it collapses
under its own gravity, leaving behind a neutron star or a
black hole. This collapse is called a supernova (SN), and
leads to the production of as many as 1057 neutrinos in
around ten seconds, some of which come from electron
capture onto protons but the majority of which are pro-
duced thermally from the hot core of the collapsing star
[1]. Three decades ago SN1987A provided the only detec-
tion of neutrinos from a core-collapse supernova to date,
despite the fact that the explosion took place outside the
Galaxy in the Large Magellanic Cloud at a distance of
around 50 kpc and that neutrino detectors were then in
their relative infancy. We expect at least a few galactic
supernovae per century [2], and so when the next one oc-
curs, large neutrino detectors like Super-Kamiokande (or
Hyper-Kamiokande) [3, 4] and IceCube [5] will be able
to record high-statistics data of the supernova neutrino
spectrum [6, 7].
All predictions for the spectrum of supernova neutri-
nos come from simulations [8]. These depend sensitively
on the complicated physics of a core-collapse event, and
also on the properties of the progenitor star, introducing
uncertainty into our expectation of quantities such as the
average neutrino energy and the total neutrino luminos-
ity. These simulations also depend on neutrino physics,
for example the ordering of neutrino masses and the po-
tential existence of additional neutrino species, called
sterile neutrinos, which mix only a tiny amount with the
known active flavours and do not interact with matter.
It is the effect of these sterile neutrinos which we focus
on in this work.
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Short baseline neutrino oscillation experiments such
as LSND [9], MiniBooNE [10, 11], reactor experiments
[12], and gallium source experiments [13–15] may hint
at the existence of a third mass splitting on the eV-
scale. Since LEP Z0 decay measurements are consistent
with only three active neutrinos [16], an additional light
fourth neutrino flavor must be sterile. Other similar ex-
periments have observed null results. Global fits employ-
ing three active neutrinos and one sterile neutrino, called
3+1 models, are still able to accommodate all available
data [17]. New short baseline experiments will give a
definitive answer on the existence of sterile neutrinos con-
nected with these anomalies [18–31].
The existence of a sterile neutrino state could have
significant effects on a SN environment such as enhancing
the neutron abundance and allowing the production of
heavy elements [32, 33] or suppressing the neutronization
burst for the inverted mass ordering [34]. In this paper
we investigate how an additional light sterile neutrino
would change the observed neutrino flux and spectrum
from a future nearby supernova in Hyper-Kamiokande
and IceCube, given that we do not know precisely the
expected spectrum for the active neutrinos even in the
case where sterile neutrinos do not exist.
We make projections for how well experiments, such as
Hyper-Kamiokande or IceCube, will be able to constrain
or measure the mixing angle between sterile and active
neutrino states, after observing the neutrino burst from
a galactic supernova. We focus on the effect of our un-
certain knowledge of the spectrum of the active flavours
from a supernova burst on our ability to constrain such
sterile states. In the next section we will describe the
production of neutrinos in supernovae as well as their
mixing and behaviour as they leave the star. We explain
the assumptions we have made and present some con-
sistency checks with regards to our approach. We then
consider the detection of these neutrinos once they arrive
at Earth with the proposed detector Hyper-Kamiokande
and the Ice Cube detector at the South Pole. Finally we
discuss what can be learned about sterile neutrinos with
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2such observations.
II. NEUTRINO PRODUCTION AND FLAVOUR
CONVERSION IN SUPERNOVAE
During a supernova core-collapse, the large amount of
gravitational energy released is enough to heat the stel-
lar matter to temperatures exceeding 10 MeV. Neutrinos
are produced during collapse both by beta and thermal
processes [35]. The most important beta-processes are
electron capture by nuclei or free protons, which occur
early in the supernova lifetime during the neutronisation
burst:
e− + (A,Z)→ (A,Z − 1) + νe,
e− + p→ n+ νe.
(1)
This is followed by thermal production of all neu-
trino flavours. Significant thermal emission processes
are pair annihilation of e+e− pairs, nucleon-nucleon
bremsstrahlung and plasmon decay:
e− + e+ → ν + ν¯,
N +N → N +N + ν + ν¯,
(plasma excitation)→ ν + ν¯.
(2)
Neutrinos propagating in matter are subject to a po-
tential due to the coherent forward elastic scattering with
the particles in the medium [36]:
ν +N → ν +N,
ν + e− → ν + e−
ν + ν → ν + ν.
(3)
These interactions give rise to a potential for each neu-
trino flavour [37]:
Vνe(r) =
√
2GF (Ne − 0.5Nn + 2Nνe),
Vνx(r) =
√
2GF (−0.5Nn +Nνe).
(4)
Here Ne, Nn and Nνe are the number densities of elec-
trons, neutrons, and electron neutrinos minus the num-
ber densities of their antiparticles, respectively. The sub-
script x stands for both µ and τ flavours. The effective
potential for sterile neutrinos is zero and for antineutrinos
Vν¯α = −Vνα . Since µ and τ neutrinos and antineutrinos
are produced exclusively in equal quantities by thermal
pair production in a supernova there are no net contri-
butions to equation (4) that depend on Nνµ and Nντ .
The flavour neutrino states, νf ≡ (νe, νµ, ντ , νs)T
evolve according to
i
dνf
dr
= Hνf = (H0 + V )νf = (U
M2
2Eν
U† + V )νf . (5)
Here U = R34R24R14R23R13R12 is the 3+1 mixing ma-
trix where each Rij is a rotation matrix through angle θij
in the ij plane, M2 = diag(m21,m
2
2,m
2
3,m
2
4) is the mass
matrix and V = diag(Vνe , Vνµ , Vντ , Vνs) is the potential
matrix.
Interactions in matter modify the mixing of neutrinos,
which can be large even if the mixing angle in vacuum
is small. At any instant the effective Hamiltonian H in
equation (5) can be diagonalised by a unitary transfor-
mation and the neutrino propagation is then described
with respect to the instantaneous mass eigenstates of the
Hamiltonian in matter νm ≡ (ν1m, ν2m, ν3m, ν4m)T :
νf = U
mνm,
Um†HUm = Hdiag = diag(E1, E2, E3, E4).
(6)
where Ei are the eigenvalues of the Hamiltonian. The
matrix Um has the same form as U but the vacuum
mixing angles are replaced by the mixing angles in mat-
ter. Thus in a varying density medium the mixing angles
change at every instant.
The evolution equation can be written in the basis of
the instantaneous eigenstates as
i
dνm
dr
=
[
Hdiag − iUm† dU
m
dr
]
νm. (7)
If density changes slowly enough then the transitions be-
tween instantaneous eigenstates νim are suppressed and
the change of flavour follows the density variations i.e.
we have adiabatic conversion [38]. This is the MSW ef-
fect [39, 40], which was used to successfully explain the
solar neutrino problem [41].
Whenever two diagonal terms of the Hamiltonian writ-
ten in the flavour basis (equation (5)) are equal, there is
a resonance. At these points the difference between the
energies of the mass eigenstates is minimised and the
propagation reaches its lowest adiabaticity. If the propa-
gation is adiabatic at the resonance, it will then also be
adiabatic elsewhere. To quantify the adiabaticity at res-
onance we assume a 2× 2 factorization of dynamics and
use the Landau-Zener approximation [42, 43]. In this ap-
proximation, the probability for transitions between two
eigenstates i and j (“jumping probability”) is:
Pjumping = exp
[
−pi
2
2
∆r
lresm
]
, (8)
with resonance width
∆r = 2 tan2θ0
∣∣∣∣ 1V ∂V∂r
∣∣∣∣−1 (9)
and oscillation length at resonance
lresm =
2pi
|Ei − Ej |res . (10)
In the adiabatic limit this probability Pjumping is zero.
Table I lists the resonances that can occur in a SN envi-
ronment due to active-active and active-sterile mixings.
3Resonance Condition
Reµ H
µµ
0 −Hee0 = Vνe(r)− Vνx(r)
Reτ H
ττ
0 −Hee0 = Vνe(r)− Vνx(r)
Res H
ss
0 −Hee0 = Vνe(r)
Rµs H
ss
0 −Hµµ0 = Vνx(r)
Rτs H
ss
0 −Hττ0 = Vνx(r)
TABLE I. The different resonances that can occur in a super-
nova due to active-active and active-sterile mixings.
We have used the matter densities from the simula-
tion of an 8.8 M supernova by the Garching group [44],
under the assumption that the supernova occurs 10 kpc
from Earth. These data provide the doubly differential
neutrino distribution in energy and time without any adi-
abatic conversion. The differential flux of neutrinos of a
given flavour is given by:
Fν(Eν , t) =
dNν
dt
f(Eν), (11)
where
f(Eν) =
1
〈Eν〉
(1 + α)1+α
Γ(1 + α)
(
Eν
〈Eν〉
)α
exp
[
−(1 + α) Eν〈Eν〉
]
(12)
is the normalised energy spectrum (
∫
f(Eν)dEν = 1)
with α = 2 〈Eν〉2 −
〈
E2ν
〉
/(
〈
E2ν
〉 − 〈Eν〉2), 〈Eν〉 is the
average neutrino energy and dNν/dt it the total flux.
These simulated data files include the radial profiles of
properties such as density, particle abundances and av-
erage neutrino energies in 0.1 second intervals. At each
resonance we use the simulated profiles to calculate the
jumping probability (8).
At small radii, where most of the neutrinos are pro-
duced, the matter potential, which is diagonal in the
flavour basis, dominates and so the flavour eigenstates
coincide with the mass eigenstates. During the adia-
batic propagation the flavour composition of each mass
eigenstate follows the density variations. Figure 1 shows
the eigenvalues Ei of the mass eigenstates in matter for
normal mass ordering as neutrinos propagate from the
production region at small radii to the vacuum of empty
space. In this figure we assume that all resonances in Ta-
ble I occur and are adiabatic. The right-hand (left-hand)
side of figure 1 represents neutrinos (antineutrinos). For
example, the electron neutrinos produced in the inner
regions of a supernova are essentially composed of the
mass eigenstate ν4m. Since the propagation is adiabatic,
there is no transition between mass eigenstates at the
resonance Res and the flavour content of ν4m follows the
changes in density until it is mostly sterile in vacuum.
Neutrinos are produced in a coherent combination of
mass eigenstates. Over a distance L, the separation be-
tween two wavepackets corresponding to two mass eigen-
states with a given energy Eν and mass difference ∆m
2
due to different group velocities is [45]:
∆L = ∆vL =
∆m2
2E2ν
L. (13)
FIG. 1. The energies of the mass eigenstates in matter for
normal mass ordering. The right-hand (left-hand) side of this
diagram represents neutrinos (antineutrinos). In the produc-
tion region flavour eigenstates coincide with the mass eigen-
states. Propagation is adiabatic so the flavour content of each
eigenstate follows the density variations and there are no tran-
sitions between eigenstates at resonances.
The size of an individual wavepacket can be estimated as
σ . 1/T ∼ 10−11 cm. For ∆m2 ∼ 1 eV2 and Eν ∼ 10
MeV the neutrinos lose coherence after a distance L ∼ 10
m, still inside the star. For ∆m2 ∼ 10−5 eV2 and Eν ∼
10 MeV the loss of coherence happens approximately at
L ∼ 106 m, in the outskirts of the stellar matter. This
means that SN neutrinos propagate without coherence to
Earth so oscillations in vacuum are irrelevant. The fluxes
of neutrinos in the flavour basis at Earth are then given
by
Fνα =
4∑
i=1
|Uαi|2Fνi , (14)
with Fi the mass eigenstates fluxes and Uαi the extended
neutrino mixing matrix.
As an example we now show the calculation for an-
tineutrinos in the normal ordering case. At small radii,
where the majority of neutrinos are produced, the fluxes
in the mass basis (left-hand side) are related to fluxes in
the flavour basis (right-hand side) as
F
0
ν¯1
F 0ν¯2
F 0ν¯3
F 0ν¯4
 =

F 0ν¯e
F 0ν¯s
F 0ν¯µ
F 0ν¯τ
 . (15)
We naturally set F 0ν¯s = 0 as there is no initial flux of
sterile neutrinos. On their way out of the stellar matter
all antineutrino mass eigenstates but ν¯1m pass through
resonances. At the resonance Rµs there is a probability
pRµs that the transition ν¯2m ↔ ν¯3m occurs:
4F
′
ν1
F ′ν2
F ′ν3
F ′ν4
 =
1 0 0 00 1− pRµs pRµs 00 pRµs 1− pRµs 0
0 0 0 1


F 0ν¯e
F 0ν¯s
F 0ν¯µ
F 0ν¯τ
 . (16)
After that a similar situation takes place at resonance
Rτs, where the transition ν¯3m ↔ ν¯4m may happen with
probability pRτs :Fν1Fν2Fν3
Fν4
 =
1 0 0 00 1 0 00 0 1− pRτs pRτs
0 0 pRτs 1− pRτs

F
′
ν1
F ′ν2
F ′ν3
F ′ν4
 . (17)
In the adiabatic limit all jumping probabilities are zero
and from equation (14) the ν¯e flux on Earth, which is
most relevant to Hyper-Kamiokande and IceCube, be-
comes
Fν¯e = |Ue1|2F 0ν¯e + |Ue3|2F 0ν¯µ + |Ue4|2F 0ν¯τ (18)
instead of
Fν¯e = |Ue1|2F 0ν¯e + |Ue2|2F 0ν¯µ + |Ue3|2F 0ν¯τ (19)
in the case without mixing with sterile neutrinos. The
mixings θ14 = θ24 = θ34 = 10
◦ would imply a 30% de-
crease on the flux.
The calculation of the neutrino flux, in the presence of
sterile flavours, can be complicated by feedback effects.
The electron abundance is set by the following reactions
and its reverse processes:
νe + n→ p+ e− (20)
ν¯e + p→ n+ e+ (21)
At resonance Res electron neutrinos are converted to
sterile neutrinos. The conversion probability depends on
Ne = ne− − ne+ and its derivative at the resonance po-
sition. The depletion of electron neutrinos and the un-
changed number of electron antineutrinos lower Ne for
r > rRes and the potential gradient becomes steeper.
Therefore the Res, Reµ and Reτ conversions, which ex-
plicitly depend on Ne, become less adiabatic [46]. This
effect also increases the neutron abundance, which can
be important for the propagation of antineutrinos. How-
ever, the resonances Rµs and Rτs take place before Res so
we can safely neglect feedback effects for antineutrinos.
Since the main detection channel on Hyper-Kamiokande
and IceCube is electron antineutrinos, our analysis on
SN fluxes is not significantly affected by feedback ef-
fects. Experiments where electron antineutrinos is not
the dominant channel, such as liquid argon experiments
(e.g. DUNE [47]) or future very large dark matter de-
tectors (e.g. DARWIN [48]), would be highly sensitive
to such feedback effects. Comparison of the signals ob-
tained in different experiments would be a way to learn
the utmost from a future galactic supernova.
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FIG. 2. Matter potentials half a second after bounce. Vertical
lines for the neutrinosphere and the resonance location for the
active-sterile conversions assuming Eν =15 MeV, ∆m
2
41 =1
eV and θ14 = θ24 = θ34 = 10
◦. The active-active resonances
occur further at lower densities.
At the large densities of a supernova core neutrinos are
not able to stream freely. The neutrinosphere is defined
as the approximate shell from where neutrinos of energy
Eν can escape without substantial further diffusion. An-
alytically we can define it as the radial position Rν(Eν)
where the optical depth is unity:
τν(Eν) =
∫ ∞
Rν(Eν)
dr
λ(r, Eν)
= 1. (22)
Here λ = (
∑
i nr,iσi(Eν))
−1 is the mean free path for
neutrinos, with nr,i the number density of target parti-
cles of species i and σi(Eν) the corresponding interaction
cross section with matter. Because of the E2ν dependence
of the low-energy scattering cross section on nucleons,
there is a separate neutrinosphere for each neutrino en-
ergy.
If a resonance occurs inside the neutrinosphere there
might be replenishment of active states, making the prob-
lem more difficult to treat [49] and a dedicated investi-
gation is needed. For the parameters under considera-
tion in this work all resonances occur outside the neu-
trinosphere (see Figure 2 for an example). Larger mass
splittings correspond to resonances in higher density re-
gions, where the potential is larger. For keV-scale sterile
neutrinos, an interesting case for dark matter studies, the
resonances associated with active-sterile mixing occur in-
side the neutrinosphere [49].
From equation (13) we see that a fraction of the events,
related to the heaviest state, will arrive at the detector
delayed by:
∆L
c
= 5.15 ms
(
L
10 kpc
)(
10 MeV
Eν
)2(
∆m41
1 eV
)2
,
(23)
5For keV-scale sterile neutrinos this delay is in the order of
an hour, in contrast to miliseconds for the eV-scale case.
This feature would be useful to determine the mostly
sterile state mass, but in our case we neglect it as a mil-
lisecond delay is not easily observable.
III. DETECTION
We assume that when the next SN burst is observed in
our Galaxy, the largest neutrino detectors will be Hyper-
Kamiokande and IceCube. The SN neutrinos travelling
through water or ice interact dominantly through inverse
beta decay reactions on free protons (ν¯e+p→ n+e+) and
Cherenkov light is generated by the secondary positrons,
which is then observed by photomultipliers. Free protons
means hydrogen nuclei, and not the protons in oxygen,
for which nuclear binding effects suppress interactions at
low energies.
Event-by-event energy information will be achievable
in Hyper-Kamiokande. IceCube, on the other hand, is
designed to reconstruct interactions of neutrinos with en-
ergies above ∼ 100 GeV. The spacing between photomul-
tipliers of 17 m vertically and 125 m horizontally means
they cannot reconstruct the Cherenkov rings of individ-
ual MeV neutrino interactions. However, having a low
dark noise and a huge amount of interactions allows for
the detection of O(10 MeV) neutrinos from galactic core
collapse supernovae from the collective rise in all photo-
multiplier rates on top of the dark noise [50–52].
The total cross section for inverse beta decay is
σ(Eν) =
[
9.52× 10−44 cm2(Eν − 1.3 MeV)2
](
1− 7Eν
mp
)
(24)
where mp is the proton mass, and the energy of the
detected positron is Ep = (Eν − 1.3 MeV)(1 − Eν/mp)
[53]. This approximation is very accurate at low energies
(Eν ≤ 60 MeV) thus can be safely used for supernova
neutrino analyses [54].
Hyper-Kamiokande is planned to have a total mass
around 0.3 to 0.5 Mton [4]. For a neraby SN explosion
we can consider the total mass of the detector as fiducial
due to the large number of events in a short amount of
time. Icecube’s lattice of photomultiplier tubes monitor
a volume of approximately a cubic kilometer in the deep
Antarctic ice. A fair comparison in terms of statistical ac-
curacy is needed given the different observation method
in IceCube. A study of the initial 380 ms of the burst in
the Lawrence Livermore 20 M SN simulation at a dis-
tance of 10 kpc would require a 0.45 Mton background
free detector to statistically compete with IceCube [52].
Our estimate for the detection rate in IceCube follows
ref. [55]. We have also included DeepCore’s 360 photo-
multipliers with a 35% larger quantum efficiency [56]. For
the aforementioned 8.8M supernova at 10 kpc Hyper-
Kamiokande would observe O(104) events in compari-
son to O(105) events in IceCube. Nonetheless Hyper-
5 10 15 20 25 30 35 40
Detected energy [MeV]
102
103
Ev
en
ts
 p
er
 M
eV
Supernova neutrinos
in Hyper-Kamiokande
No sterile neutrino, luminosity = L0
No sterile neutrino, luminosity = 0.8L0
s = 10 , luminosity = L0
FIG. 3. Neutrino spectrum in Hyper-Kamiokande from an
8.8 M SN at a 10 kpc distance. Mixing with a sterile neu-
trino suppresses the overall flux. This can be compensated by
changing the total luminosity of the neutrino burst. For this
plot we assume ∆m241 =1 eV and θ14 = θ24 = θ34 = 10
◦.
Kamiokande can measure the energy spectrum while Ice-
Cube can only tell us the total flux.
An example of the expected neutrino spectrum from a
supernova in Hyper-Kamiokande shown in figure 3. The
flux of active neutrinos is reduced due to mixing with the
sterile flavour, but this can be compensated by changing
the total luminosity of the neutrino burst. Hence we
expect that uncertainties in the measurement of the SN
flux will introduce systematics into measurements of the
sterile neutrino properties.
IV. RESULTS
In this section we look at how well Hyper-Kamiokande
and IceCube will be able to measure the flux of neutrinos
from a galactic supernova. In order to properly account
for the degeneracies between the overall flux and the pres-
ence of sterile neutrinos in the spectrum, we perform a
Markov Chain Monte Carlo (MCMC) analysis over pa-
rameters on which the SN flux depends. In this way we
hope to find out if the presence of eV sterile neutrinos can
be inferred from the measurements of a 10 kpc distant
supernova at Hyper-Kamiokande and IceCube given the
uncertainties of the physics of supernovae. For the sterile
neutrinos we have two free parameters: the mixing angle
θs, which is assumed to be the same for every active-
sterile mixing (θs = θ14 = θ24 = θ34) and the additional
mass splitting ∆m41. For the properties of the supernova
itself we consider uncertainties on the total flux and the
average neutrino energies. We implement this using two
parameters, which are the ratio of each of these quan-
tities to the values obtained in the Garching simulation
6FIG. 4. Two dimensional posterior distributions at 68% confidence (yellow) and 95% confidence (blue) for Hyper-Kamiokande,
comparing the best-fit active-sterile mixing angle to the uncertainty on the supernova neutrino luminosity for scenarios A to D,
from left to right. Red points mark the fiducial values for each scenario. In all cases Hyper-Kamiokande is able to reconstruct
the fiducial parameters, but independent measurements will be required to break the degeneracy between luminosity and mixing
angle.
[44]. For IceCube we do not scan over the average en-
ergy, as the neutrino spectrum can not be measured, but
instead we have an additional parameter for the quoted
systematic uncertainties for the detector itself.
Each of these parameters has associated with it a prior
distribution, which represents how well each of these pa-
rameters are known before the analysis is performed. For
the sterile neutirno parameters we use log-flat priors,
while for the other parameters we use linear flat priors.
After the analysis the MCMC combines these priors with
the likelihood from the simulated data to give the pos-
terior distribution. This gives us the preference the data
has for particular combinations of the four parameters in
our fit, and makes it easy to see any degeneracies between
these parameters.
Since we do not know whether sterile neutrinos exist,
or their properties if they do, we consider different sce-
narios. Table II shows the four scenarios considered in
this work, written in terms of the global fit parameters
for the controversial neutrino anomalies: θs = c1 × 8.13◦
and ∆m41 = c2 ×
√
1.7 eV. It is not important for our
analysis if the current hints of sterile neutrino anomalies
go away, we merely use them as benchmarks to study
the sensitivity that Hyper-Kamiokande and IceCube will
have to sterile neutrinos. The four cases we consider, laid
out in table II, correspond to global fit to short baseline
experiments (A), small active-sterile mixing angle (B),
small mostly sterile state mass (C) and no mixing with
sterile neutrinos (D).
Scenario c1 c2 Description
A 1 1 global fit to short baseline experiments
B 0.1 1 small active-sterile mixing angle
C 1 0.1 small mostly sterile state mass
D 0 - no active-sterile mixing
TABLE II. Sterile neutrino scenarios considered in the
MCMC analysis.
A feature that can be seen in all scenarios is that
Hyper-Kamiokande can provide a precise measurement
of a nearby supernova temperature. Most of the ob-
served events come from the inverse beta decay, which
is sensitive to the average neutrino energy (σ ∝ E2ν¯e). A
comparison of all four scenarios for the sterile neutrino
mixing angle and supernova luminosity in shown in figure
4, with the full results in Appendix A.
For scenario A (Figure 5) the reconstructed supernova
flux is bimodal meaning Hyper-Kamiokande will observe
a flux of neutrinos which is consistent with two different
physics situations. The first is a supernova with an ac-
tual lower absolute luminosity, compared with that from
simulation. The second situation is that the overall lu-
minosity is suppressed due to adiabatic conversion into
sterile neutrinos. A precise determination of the expected
flux without active-sterile mixing is needed to break this
degeneracy. The mass splitting ∆m41 can be determined
to be on the eV scale, and the probability distribution is
peaked relatively close to the true value of ∆m41 = 1.3
eV. It is difficult to tell between zero mixing angle and
8.13◦ mixing angle, but mixing angles between those two
values are clearly disfavoured. While all the parameters
are not reconstructed brilliantly, the two acceptable re-
gions, with and without mixing, are nicely separated. In
particular, the presence of a sterile neutrino would reduce
the reconstructed luminosity by nearly 30% so that if it
were possible to estimate the total luminosity in neutri-
nos at that accuracy, the effects of sterile neutrinos might
be relatively easy to see.
Scenario B (figure 6) has a smaller mixing angle but
the same eV scale mass. Again the reconstructed pa-
rameters are consistent either with a smaller luminosity
and a small mixing angle or a larger luminosity with a
larger mixing angle but the best fit cloud is not well sep-
arated into two distinct regions. When one reconstructs
the flux in this situation, a very low mixing angle is con-
sistent with a luminosity which is only 15% different from
the true value, hence a better estimate of the supernova
luminosity would be required to spot the presence of the
sterile neutrino.
Scenario C (figure 7) corresponds to a lower mass ster-
ile neutrino. It is clear that the fit is only consistent
with the correct luminosity if one assumes the right level
of mixing, although one would need an estimate of the
overall luminosity from another method with roughly 5%
7accuracy in order to tell the difference between having a
sterile neutrino and no sterile neutrino.
Scenario D (figure 8) corresponds to no mixing with
sterile neutrinos. We place a tight constraint on the pres-
ence of sterile neutrinos, again assuming that we have
an independent constraint upon the overall luminosity
of the supernova explosion. Hyper-Kamiokande can re-
construct the supernova neutrino luminosity and average
energy with only a one or two percent error, which is ex-
tremely impressive, but requires knowledge of the sterile
neutrino properties.
What is clear from all figures is that without a precise
knowledge of the expected luminosity of the supernova
neutrino burst, it is very difficult to place a constraint
on the existence of sterile neutrinos. Conversely, without
knowing whether sterile neutrinos exist and mix with the
active flavours, we can not make an accurate measure-
ment of a supernova neutrino luminosity.
Our analysis of the IceCube data leads to a less pre-
cise measurement of the parameters of the supernova, as
shown in figures 9, 10, 11 and 12. In particular our anal-
ysis shows IceCube underestimating the total flux of the
supernova by a significant factor so that while it gives
an excellent order of magnitude detection of the lumi-
nosity, it is not precise enough to exclude or detect the
effects of new physics. We have done an extremely sim-
ple analysis and it would be very interesting to see if the
IceCube collaboration themselves could do a better job
of reconstructing more accurate parameters.
V. CONCLUSIONS
In this work we have examined how well one can re-
construct various parameters associated with a supernova
explosion with and without a sterile neutrino that cou-
ples to all the flavours of neutrinos equally. We estimated
how accurately the Hyper-Kamiokande and IceCube ex-
periments will be able to measure the luminosity and the
average temperature of the neutrino flux from a future
galactic supernova burst.
We focused on electron antineutrinos, for which feed-
back effects can be safely neglected. This is because their
resonance occurs before the electron abundance is al-
tered due to feedback. This is fortuitous, especially since
Hyper-Kamiokande is particularly sensitive to electron
antineutrinos.
Our main result is that the mixing angle and the
mass of the sterile neutrino can be obtained by analysing
the spectrum of neutrinos coming from the supernova,
provided that the supernova burst is well understood
beforehand. This means that a precise knowledge of
the expected neutrino luminosity is required to break
the degeneracy between active-sterile mixing and super-
nova luminosity. This is shown in figure 4 for Hyper-
Kamiokande. For IceCube the lack of information on the
spectrum of the neutrino burst makes the measurement
more difficult, resulting in less precise constraints.
It is extremely interesting to consider which kinds of
observations would provide information about the overall
neutrino rate, so that these degeneracies between lumi-
nosity and new physics could be broken. In particular
future large dark matter detectors such as DARWIN [48]
(and possibly Argo [57]) should be able to detect neutri-
nos via coherent nuclear scattering. Since this detection
method would be sensitive to the flux of all active neu-
trinos, it would provide new information which might
constrain sterile neutrino scenarios more effectively. Un-
fortunately knowledge of the impact of a sterile neutrino
within a supernova simulation including feedback effects
would be required in order to make reliable estimates
of the expected flux of the neutrino species other than
antineutrinos. Since we cannot estimate the relevant
neutrino fluxes from the existing simulations in a self-
consistent way we have been unable to include such de-
tectors in our analysis.
Whatever the complications it is clear from this work
that if Hyper-Kamiokande is operating when a supernova
goes off in the relatively local Galaxy, we will learn a huge
amount about the astrophysics taking place during these
incredible events and also at the very least place impor-
tant constraints on beyond the Standard Model particle
physics.
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Appendix A: MCMC results
Here we show all of the corner plots for both our
Hyper-Kamioknade and IceCube analyses. Each panel
shows the posterior marginalised over all other param-
eters for both the two-dimensional and one-dimensional
cases. Hyper-Kamiokande plots are shown in figures 5, 6,
7 and 8 for scenarios A to D respectively. IceCube plots
are shown in figures 9, 10, 11 and 12 for scenarios A to
D respectively.
[1] Alessandro Mirizzi, Irene Tamborra, Hans-Thomas
Janka, Ninetta Saviano, Kate Scholberg, Robert Bollig,
Lorenz Hudepohl, and Sovan Chakraborty, “Supernova
8FIG. 5. Corner plot of the parameters from our MCMC projection for a d = 10kpc supernova on Hyper-Kamiokande and
scenario A (θs = 8.13
◦, ∆m41 = 1.3 eV). The contours bound a given fraction of the total integrated posterior (0.68 in yellow
and 0.95 in blue). For the one-dimensional histograms, P(x) is the one-dimensional posterior for the parameter x.
Neutrinos: Production, Oscillations and Detection,” Riv.
Nuovo Cim. 39, 1–112 (2016), arXiv:1508.00785 [astro-
ph.HE].
[2] Shin’ichiro Ando, John F. Beacom, and Hasan Yuksel,
“Detection of neutrinos from supernovae in nearby galax-
ies,” Phys. Rev. Lett. 95, 171101 (2005), arXiv:astro-
ph/0503321 [astro-ph].
[3] K. Abe et al., “Letter of Intent: The Hyper-Kamiokande
Experiment — Detector Design and Physics Potential —
,” (2011), arXiv:1109.3262 [hep-ex].
[4] “Hyper-Kamiokande Design Report,” (2016).
[5] M. G. Aartsen et al. (IceCube), “Observation of High-
Energy Astrophysical Neutrinos in Three Years of Ice-
Cube Data,” Phys. Rev. Lett. 113, 101101 (2014),
arXiv:1405.5303 [astro-ph.HE].
[6] Shunsaku Horiuchi and James P Kneller, “What can be
learned from a future supernova neutrino detection?”
(2017), arXiv:1709.01515 [astro-ph.HE].
[7] Alex Nikrant, Ranjan Laha, and Shunsaku Horiuchi,
“Robust measurement of supernova νe spectra with
future neutrino detectors,” (2017), arXiv:1711.00008
[astro-ph.HE].
[8] Shunsaku Horiuchi, Kohsuke Sumiyoshi, Ko Naka-
mura, Tobias Fischer, Alexander Summa, Tomoya Taki-
waki, Hans-Thomas Janka, and Kei Kotake, “Diffuse
Supernova Neutrino Background from extensive core-
9FIG. 6. Same as Figure 5 for scenario B (θs = 0.813
◦, ∆m41 = 1.3 eV).
collapse simulations of 8-100M progenitors,” (2017),
arXiv:1709.06567 [astro-ph.HE].
[9] A. Aguilar-Arevalo et al. (LSND), “Evidence for
neutrino oscillations from the observation of anti-
neutrino(electron) appearance in a anti-neutrino(muon)
beam,” Phys. Rev. D64, 112007 (2001), arXiv:hep-
ex/0104049 [hep-ex].
[10] A. A. Aguilar-Arevalo et al. (MiniBooNE), “Unexplained
Excess of Electron-Like Events From a 1-GeV Neu-
trino Beam,” Phys. Rev. Lett. 102, 101802 (2009),
arXiv:0812.2243 [hep-ex].
[11] A. A. Aguilar-Arevalo et al. (MiniBooNE), “Improved
Search for ν¯µ → ν¯e Oscillations in the MiniBooNE
Experiment,” Phys. Rev. Lett. 110, 161801 (2013),
arXiv:1303.2588 [hep-ex].
[12] G. Mention, M. Fechner, Th. Lasserre, Th. A. Mueller,
D. Lhuillier, M. Cribier, and A. Letourneau, “The Re-
actor Antineutrino Anomaly,” Phys. Rev. D83, 073006
(2011), arXiv:1101.2755 [hep-ex].
[13] J. N. Abdurashitov et al. (SAGE), “Measurement of the
solar neutrino capture rate with gallium metal. III: Re-
sults for the 2002–2007 data-taking period,” Phys. Rev.
C80, 015807 (2009), arXiv:0901.2200 [nucl-ex].
[14] F. Kaether, W. Hampel, G. Heusser, J. Kiko, and
T. Kirsten, “Reanalysis of the GALLEX solar neutrino
flux and source experiments,” Phys. Lett. B685, 47–54
(2010), arXiv:1001.2731 [hep-ex].
[15] C. Giunti, M. Laveder, Y. F. Li, Q. Y. Liu, and H. W.
Long, “Update of Short-Baseline Electron Neutrino and
Antineutrino Disappearance,” Phys. Rev. D86, 113014
10
FIG. 7. Same as Figure 5 for scenario C (θs = 8.13
◦, ∆m41 = 0.13 eV).
(2012), arXiv:1210.5715 [hep-ph].
[16] S. Schael et al. (SLD Electroweak Group, DELPHI,
ALEPH, SLD, SLD Heavy Flavour Group, OPAL, LEP
Electroweak Working Group, L3), “Precision electroweak
measurements on the Z resonance,” Phys. Rept. 427,
257–454 (2006), arXiv:hep-ex/0509008 [hep-ex].
[17] S. Gariazzo, C. Giunti, M. Laveder, and Y. F. Li, “Up-
dated Global 3+1 Analysis of Short-BaseLine Neutrino
Oscillations,” JHEP 06, 135 (2017), arXiv:1703.00860
[hep-ph].
[18] G. Bellini et al. (Borexino), “SOX: Short distance neu-
trino Oscillations with BoreXino,” JHEP 08, 038 (2013),
arXiv:1304.7721 [physics.ins-det].
[19] M. Harada et al. (JSNS2), “Proposal: A Search for Sterile
Neutrino at J-PARC Materials and Life Science Exper-
imental Facility,” (2013), arXiv:1310.1437 [physics.ins-
det].
[20] S. Bhadra et al. (nuPRISM), “Letter of Intent to Con-
struct a nuPRISM Detector in the J-PARC Neutrino
Beamline,” (2014), arXiv:1412.3086 [physics.ins-det].
[21] M. Antonello et al. (LAr1-ND, ICARUS-WA104, Mi-
croBooNE), “A Proposal for a Three Detector Short-
Baseline Neutrino Oscillation Program in the Fermi-
lab Booster Neutrino Beam,” (2015), arXiv:1503.01520
[physics.ins-det].
[22] Emilio Ciuffoli, Jarah Evslin, and Fengyi Zhao, “Neu-
trino Physics with Accelerator Driven Subcritical Reac-
tors,” JHEP 01, 004 (2016), arXiv:1509.03494 [hep-ph].
[23] Sowjanya Gollapinni (MicroBooNE), “Accelerator-based
Short-baseline Neutrino Oscillation Experiments,” in
Proceedings, 12th Conference on the Intersections of Par-
ticle and Nuclear Physics (CIPANP 2015): Vail, Col-
11
FIG. 8. Same as Figure 5 for scenario D (no sterile neutrino).
orado, USA, May 19-24, 2015 (2015) arXiv:1510.04412
[hep-ex].
[24] Spencer N. Axani, Gabriel Collin, Janet M. Conrad,
Mike H. Shaevitz, Josh Spitz, and Taritree Wongjirad,
“KPipe: a decisive test for muon neutrino disappear-
ance,” in Proceedings, Meeting of the APS Division of
Particles and Fields (DPF 2015): Ann Arbor, Michigan,
USA, 4-8 Aug 2015 (2015) arXiv:1510.06994 [physics.ins-
det].
[25] M. Abs et al., “IsoDAR@KamLAND: A Conceptual
Design Report for the Technical Facility,” (2015),
arXiv:1511.05130 [physics.acc-ph].
[26] J. Ashenfelter et al. (PROSPECT), “The PROSPECT
Physics Program,” J. Phys. G43, 113001 (2016),
arXiv:1512.02202 [physics.ins-det].
[27] Vladislav Barinov, Vladimir Gavrin, Dmitry Gorbunov,
and Tatiana Ibragimova, “BEST sensitivity to O(1)
eV sterile neutrino,” Phys. Rev. D93, 073002 (2016),
arXiv:1602.03826 [hep-ph].
[28] Ianthe Michiels, “SoLid: Search for Oscillation with a 6Li
Detector at the BR2 research reactor,” in Prospects in
Neutrino Physics (NuPhys2015) London, UK, December
16-18, 2015 (2016) arXiv:1605.00215 [physics.ins-det].
[29] I. Alekseev et al., “DANSS: Detector of the reactor
AntiNeutrino based on Solid Scintillator,” JINST 11,
P11011 (2016), arXiv:1606.02896 [physics.ins-det].
[30] Anatolii Serebrov et al., “Experiment Neutrino-4 Search
for Sterile Neutrino with Multisection Detector Model,”
Proceedings, 26th International Nuclear Physics Confer-
ence (INPC2016): Adelaide, Australia, September 11-
12
FIG. 9. Corner plot of the parameters from our MCMC projection for a d = 10kpc supernova on IceCube and scenario A
(θs = 8.13
◦, ∆m41 = 1.3 eV). The contours bound a given fraction of the total integrated posterior (0.68 in red and 0.95 in
green). For the one-dimensional histograms, P(x) is the one-dimensional posterior for the parameter x.
16, 2016, PoS INPC2016, 255 (2017), arXiv:1702.00941
[physics.ins-det].
[31] Luis Manzanillas (STEREO), “STEREO: Search for ster-
ile neutrinos at the ILL,” Proceedings, Neutrino Oscil-
lation Workshop (NOW 2016): Otranto (Lecce), Italy,
September 4-11, 2016, PoS NOW2016, 033 (2017),
arXiv:1702.02498 [physics.ins-det].
[32] Irene Tamborra, Georg G. Raffelt, Lorenz Hudepohl, and
Hans-Thomas Janka, “Impact of eV-mass sterile neutri-
nos on neutrino-driven supernova outflows,” JCAP 1201,
013 (2012), arXiv:1110.2104 [astro-ph.SR].
[33] Meng-Ru Wu, Tobias Fischer, Lutz Huther, Gabriel
Martnez-Pinedo, and Yong-Zhong Qian, “Impact of
active-sterile neutrino mixing on supernova explosion
and nucleosynthesis,” Phys. Rev. D89, 061303 (2014),
arXiv:1305.2382 [astro-ph.HE].
[34] Arman Esmaili, O. L. G. Peres, and Pasquale Dario
Serpico, “Impact of sterile neutrinos on the early time
flux from a galactic supernova,” Phys. Rev. D90, 033013
(2014), arXiv:1402.1453 [hep-ph].
[35] H. Th. Janka, “Neutrino Emission from Supernovae,”
(2017), arXiv:1702.08713 [astro-ph.HE].
[36] L. Wolfenstein, “Neutrino Oscillations in Matter,” Phys.
Rev. D17, 2369–2374 (1978).
[37] Dirk Notzold and Georg Raffelt, “Neutrino Dispersion
at Finite Temperature and Density,” Nucl. Phys. B307,
13
FIG. 10. Same as Figure 9 for scenario B (θs = 0.813
◦, ∆m41 = 1.3 eV).
924–936 (1988).
[38] Evgeny K. Akhmedov, “Neutrino physics,” in Proceed-
ings, Summer School in Particle Physics: Trieste, Italy,
June 21-July 9, 1999 (1999) pp. 103–164, arXiv:hep-
ph/0001264 [hep-ph].
[39] S. P. Mikheev and A. Yu. Smirnov, “Resonant amplifica-
tion of neutrino oscillations in matter and solar neutrino
spectroscopy,” Nuovo Cim. C9, 17–26 (1986).
[40] S. P. Mikheev and A. Yu. Smirnov, “Neutrino Oscilla-
tions in an Inhomogeneous Medium: Adiabatic Regime,”
Sov. Phys. JETP 65, 230–236 (1987), [Zh. Eksp. Teor.
Fiz.92,404(1987)].
[41] H. A. Bethe, “A Possible Explanation of the Solar Neu-
trino Puzzle,” Phys. Rev. Lett. 56, 1305 (1986).
[42] L. Landau, Phys. Z. Sowjetunion 2 46 (1932).
[43] C. Zener, Proc. R. Soc. London A137 696 (1932).
[44] L. Hudepohl, B. Muller, H. T. Janka, A. Marek, and
G. G. Raffelt, “Neutrino Signal of Electron-Capture
Supernovae from Core Collapse to Cooling,” Phys.
Rev. Lett. 104, 251101 (2010), [Erratum: Phys. Rev.
Lett.105,249901(2010)], arXiv:0912.0260 [astro-ph.SR].
[45] Amol S. Dighe and Alexei Yu. Smirnov, “Identifying the
neutrino mass spectrum from the neutrino burst from a
supernova,” Phys. Rev. D62, 033007 (2000), arXiv:hep-
ph/9907423 [hep-ph].
[46] H. Nunokawa, J. T. Peltoniemi, Anna Rossi, and
J. W. F. Valle, “Supernova bounds on resonant active
sterile neutrino conversions,” Phys. Rev. D56, 1704–1713
(1997), arXiv:hep-ph/9702372 [hep-ph].
14
FIG. 11. Same as Figure 9 for scenario C (θs = 8.13
◦, ∆m41 = 0.13 eV).
[47] R. Acciarri et al. (DUNE), “Long-Baseline Neutrino Fa-
cility (LBNF) and Deep Underground Neutrino Exper-
iment (DUNE),” (2015), arXiv:1512.06148 [physics.ins-
det].
[48] J. Aalbers et al. (DARWIN), “DARWIN: towards the
ultimate dark matter detector,” JCAP 1611, 017 (2016),
arXiv:1606.07001 [astro-ph.IM].
[49] Carlos A. Argelles, Vedran Brdar, and Joachim Kopp,
“Production of keV Sterile Neutrinos in Supernovae:
New Constraints and Gamma Ray Observables,” (2016),
arXiv:1605.00654 [hep-ph].
[50] F. Halzen, J. E. Jacobsen, and E. Zas, “Possibility
that high-energy neutrino telescopes could detect super-
novae,” Phys. Rev. D49, 1758–1761 (1994).
[51] F. Halzen, J. E. Jacobsen, and E. Zas, “Ultratransparent
Antarctic ice as a supernova detector,” Phys. Rev. D53,
7359–7361 (1996), arXiv:astro-ph/9512080 [astro-ph].
[52] R. Abbasi et al. (IceCube), “IceCube Sensitivity for Low-
Energy Neutrinos from Nearby Supernovae,” Astron. As-
trophys. 535, A109 (2011), [Erratum: Astron. Astro-
phys.563,C1(2014)], arXiv:1108.0171 [astro-ph.HE].
[53] John F. Beacom, “The Diffuse Supernova Neutrino Back-
ground,” Ann. Rev. Nucl. Part. Sci. 60, 439–462 (2010),
arXiv:1004.3311 [astro-ph.HE].
[54] Alessandro Strumia and Francesco Vissani, “Precise
quasielastic neutrino/nucleon cross-section,” Phys. Lett.
B564, 42–54 (2003), arXiv:astro-ph/0302055 [astro-ph].
[55] Amol S. Dighe, Mathias T. Keil, and Georg G. Raffelt,
“Detecting the neutrino mass hierarchy with a super-
nova at IceCube,” JCAP 0306, 005 (2003), arXiv:hep-
ph/0303210 [hep-ph].
15
FIG. 12. Same as Figure 9 for scenario D.
[56] R. Abbasi et al. (IceCube), “The Design and Perfor-
mance of IceCube DeepCore,” Astropart. Phys. 35, 615–
624 (2012), arXiv:1109.6096 [astro-ph.IM].
[57] C. E. Aalseth et al., “DarkSide-20k: A 20 Tonne Two-
Phase LAr TPC for Direct Dark Matter Detection at
LNGS,” (2017), arXiv:1707.08145 [physics.ins-det].
